Sled towing (ST) provides an external load in the form of a sled towed via a shoulder 6 or waist harness and cord, behind the athlete. Loading strategies have varied greatly 7 between studies and despite many investigations there is little agreement on the 8 optimum sled loading to develop the acceleration phase. The aim of this study was to 9 investigate the kinetics and kinematics of velocity-based ST during the acceleration 10 phase of sprinting. Twelve academy rugby league players performed a series of 6 m 11 sprints in different conditions; uninhibited, 10%, 15% and 20% velocity decrement 12 (VDec). Sagittal plane kinematics and kinetic measures were examined using one-way 13 repeated measures analysis of variance. Results indicated that ST affected trunk, 14 knee and ankle joint kinematics (p < 0.05). Peak knee flexion increased as sled loads 15 increased (p < 0.05), which may enable athletes to lower their centre of mass and 16 increase their horizontal force application. Net horizontal and propulsive impulse 17 measures were greater in all sled conditions (p < 0.05), which increased significantly 18 as sled loadings were heavier. In conclusion, this study highlights the effects of 19 differential loads to help coaches understand acute kinetics and kinematic changes in 20 order to improve the planning of sprint training. 21 22 Word count: 3944 24 25 45 towing (ST), parachutes, weighted vests, bungees and uphill running offer the coach 46 an alternative approach to sprint training. Resisted sprint training modalities are 47 performed in a horizontal direction, and involve the relevant muscles, velocities and 48 ranges of motion to those of uninhibited sprinting (1,35). Research suggests that such 49 sprint-specific training methods can lead to greater speed development (4). ST 50 3 provides an external load in the form of a sled towed via a shoulder or waist harness 51 and cord, behind the athlete. The mass of the sled and the friction coefficient between 52 the sled and the ground surface affect external load and the subsequent impact on 53 performance (21). Sleds are generally loaded based on a percentage of body mass 54 (BM) or percentage of velocity decrement (VDec) (3,17,35). However, loadings based 55 on a percentage BM do not account for individual variations in strength, power or 56 technical ability. As such, loading sleds based on VDec over a given distance is the 57 preferred approach (31).
INTRODUCTION
Sprint acceleration is defined as the capacity to generate as high a velocity as possible 28 in as short a distance or time as possible (22), and is essential for success in the This study used a randomised cross-over design to compare the effects of different 89 ST loadings and uninhibited sprinting. Twelve rugby league athletes performed a 90 series of 6 m sprints in four different conditions (Uninhibited, 10, 15 and 20% VDec) . 91 The key dependant variables were the sagittal plane kinematic measures of the lower 92 extremities and trunk, the kinetic data obtained from the force platform and various One week prior to testing, all subjects completed a familiarization session. The same 105 sled was used throughout testing. The sled was attached to the subjects using a 3 m 106 non-elasticated attachment cord and waist belt (See Figure 1) . Using a 6 m uninhibited 107 sprint as a baseline, sleds loadings (10, 15 and 20%) were determined in a random 108 order. Sprint times were recorded using infrared timing lights (Smartspeed Ltd., Measures were taken to ensure that no force plate targeting occurred. Firstly, the 121 familiarization session was used to determine an individual starting position for each Subjects were asked not to participate in any physical activity 24 hours before the 131 testing session. The testing session began with a standardised warm-up consisting of 132 jogging (5 min), dynamic stretching (5 min) and a number of short sprints building up 133 to maximum intensity (4 x submaximal and 2 x maximal).
135
Previous research has shown that ST trials can impact on the kinematics of any 136 subsequent uninhibited sprint trials (18). As such, the uninhibited sprint trials were 137 completed before any of the sled trials (10%, 15% and 20% VDec). Once the uninhibited 138 sprint trials were complete, all subsequent ST trials were randomized. Testing 139 procedures were identical to those described previously in the familiarisation section.
140
All subjects had 3 min recovery between each of the sprint trials. Five trials were 141 collected for each condition. Again, subjects sprinted a distance of 6m in a 22 m lab.
142
The surface friction coefficient (μ) of the lab (μ = 0.41) was determined using methods 143 developed by Linthorne & Cooper (21) . An embedded force platform, sampling at 1000 144 Hz, was positioned at approximately 3 m from the start (model 9281CA; dimensions = 145 0.6 x 0.4 m, Kistler Instruments Ltd). In order for the trials to be deemed successful, 146 the whole foot had to contact the force platform. Trials were discarded in cases where 147 any part of the foot did not land the force platform. Sprint times were generated for 148 every trial, and any trials in which sprint velocity deviated more than ± 5% of the initial 149 7 trial in that condition were not used in the final analysis. In this instance, an extended 150 recovery period of 4 min was implemented and trials were repeated. were used to calculate joint angles of the trunk, hip, knee and ankle joints respectively.
181
The stance phase was determined as time over which 20N or greater of vertical force 182 was applied to the force platform (32). Kinematic waveforms were time-normalised to 183 100% of the stance phase and then all processed trials were averaged. Various 184 kinematic measures from the trunk, hip, knee and ankle joints were investigated: angle 185 at foot-strike, angle at toe-off, peak angle, range of movement (ROM) from foot-strike 186 to toe-off, and the relative ROM (the angular displacement from foot-strike to peak 187 angle) (Rel ROM). Resultant velocity at toe-off was calculated using the vertical and 188 horizontal centre of mass. These variables were extracted from each of the five trials 189 for each joint, data were then averaged within subjects for a comparative statistical reduced significantly in all sled conditions as loading increased (p = 0.001). Contact 243 times increased significantly in all sled conditions as loading increased (p < 0.001). All 244 sled conditions resulted in significantly greater propulsive times than uninhibited 245 sprinting (p < 0.001), propulsive times increased with loading (p < 0.05). ICCs ranging 246 between .47 (brake time) and .90 (velocity) were calculated. CV% ranging between 247 1.6 (velocity) and 28.8% (brake time) were calculated. The kinetic variables can be observed in Table 3 . Vertical mean force during the 20% 255 loading condition was significantly lower than the uninhibited trials (p = 0.024). Net 256 horizontal mean force was greater in all ST conditions compared to the uninhibited 257 trials (p < 0.01). There was no significant difference between ST conditions (p > 0.05).
258
The propulsive mean force recorded during the 20% loading was significantly higher 259 than that of the uninhibited condition (p = 0.032). Again, there was no significant 260 difference between ST conditions (p > 0.05). Net horizontal and propulsive impulse 261 measures were significantly greater as sled loading increased (p < 0.05). ICCs ranging 262 between .22 (net horizontal impulse) and .66 (braking peak force) were calculated.
263
CV% ranging between 6.9 (propulsive peak force) and 67.6% (braking mean force) 264 were calculated. The results (see Table 4 ) indicate that trunk angle at toe-off was significantly greater 273 during ST than the uninhibited trials (p < 0.05). There was no significant difference 274 between ST conditions (p > 0.05). Relative trunk ROM was significantly greater in the 275 20% loading condition compared to the uninhibited trials (p = 0.035). ICCs ranging 276 between .68 (Rel ROM) and .94 (angle at foot-strike) were calculated. CV% ranging 277 between 7.4 (Rel ROM) and 16.1% (ROM) were calculated. Hip joint measures can be observed in Table 5 . ST had no significant impact on 285 kinematics of the hip joint. ICCs ranging between .88 (peak flexion) and .94 (angle at 286 toe-off) were calculated. CV% ranging between 4.9 (peak flexion) and 30.7% (angle 287 at toe-off) were calculated. Table 5 . Knee flexion at foot-strike was 295 significantly greater as sled loading increased (p < 0.05). Similarly, peak flexion was 296 greater as loading increased (p < 0.05). ROM in all ST conditions were significantly 297 greater than the uninhibited trials (p < 0.01). ROM in the 20% sled loading condition 298 was also significantly greater than the 10% condition (p = 0.001). ICCs ranging 299 between .63 (Rel ROM) and .82 (angle at toe-off) were calculated. CV% ranging 300 between 5.1 (peak flexion) and 20.1% (ROM) were calculated. The results (see Table 7 ) indicate that ankle ROM during ST conditions were 308 significantly greater than the uninhibited trials (p < 0.05). There was no significant 309 difference between ST conditions (p > 0.05). ICCs ranging between .70 (angle at foot-310 strike) and .94 (angle at toe-off) were calculated. CV% ranging between 7.4 (angle at 311 toe-off) and 21.0% (angle at foot-strike) were calculated. To our knowledge, this is the first ST study to examine trunk and lower body 320 kinematics, contact time variables and kinetics during early acceleration in high-level 321 field sport athletes. Therefore, this study will provide a valuable insight for strength 322 14 and conditioning coaches looking to prescribe ST (% VDec) for field sport athletes. The 323 major findings of this study were (a) as sled loadings increased trunk and lower 324 extremity kinematics were altered to a greater extent, (b) there were no significant 325 differences in propulsive peak force between any of the sled conditions and uninhibited utilised kinematic alterations to stride length and frequency are greater (22, 24, 30) .
334
Although stride length and frequency were not measured in the present study, our 335 results indicate that velocity and contact time were affected to a greater extent when 336 sled loadings were increased. The longer contact times were explained by an 337 extended propulsive phase, as suggested previously (18, 25, 30) . The additional 338 contact time allows the athlete to exert greater propulsive forces to overcome the extra 339 resistance provided by the sled. This increased propulsive contact time may be 340 beneficial for acceleration performance, in this instance more horizontal force can be 341 applied to the ground (19, 27) . lead to greater propulsive forces in the later stance phase (1, 19, 35) .
368
The authors hypothesised that propulsive peak force would be greatest in the 20% 369 VDec sled condition. Results did not support this; there was however, a trend that as 370 sled loading increased so too did propulsive peak force. It does appear that propulsive 371 peak force would continue to increase with heavier sled loadings, as suggested in 372 16 previous studies (27) . It is important to note that such increases are at the expense of 373 much greater contact times, which after a certain point may become counterproductive 374 (24). Additionally, previous research suggests that the magnitude of forces may not 375 be as important as the direction of force application (19, 26 recently suggested that very heavy sled loadings may provide the optimal training 409 stimulus by maximising peak power output (11). It is beyond the scope of the present 410 study to comment on such loading strategies. Overall, the results of this study have shown that a sled loading of 20% VDec enables 414 coaches to increase propulsive forces and impulses. However, a blanket application 415 of such loads may not be the most appropriate strategy as some of the acute changes 416 are potentially counterproductive, such as reduced velocity and greatly increased 417 contact times. Thus, perhaps a periodized approach should be adopted. For example, 418 training with a 20% VDec sled loading will allow a greater emphasis on the horizontal 419 application of forces then progressing to lighter sled loads or uninhibited sprint training 420 to allow greater transfer of potential adaptations (e.g., maintain force/ impulse 421 production whilst lowering contact times). The study therefore, highlights the effects of 
